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abstract: Large male body size is typically favored by directional
sexual selection through competition for mates. However, alternative
male life-history phenotypes, such as “sneakers,” should decrease the
strength of sexual selection acting on body size of large “ﬁghter”
males. We tested this prediction with salmon species; in southern
populations, where sneakers are common, ﬁghter males should be
smaller than in northern populations, where sneakers are rare, lead-
ing to geographical clines in sexual size dimorphism (SSD). Consis-
tent with our prediction, ﬁghter male body size and SSD (ﬁghter
male∶female size) increase with latitude in species with sneaker
males (Atlantic salmon Salmo salar and masu salmon Oncorhynchus
masou) but not in species without sneakers (chum salmon Onco-
rhynchus keta and pink salmon Oncorhynchus gorbuscha). This is
the ﬁrst evidence that sneaker males affect SSD across populations
and species, and it suggests that alternative male mating strategies
may shape the evolution of body size.
Keywords: alternative mating strategies, competition, latitudinal
clines, salmonids, sexual selection.
Introduction
Both natural and sexual selection can inﬂuence the magni-
tude and direction of sexual size dimorphism (SSD) be-
tween males and females. In general, large body size in
females is favored by fecundity selection, whereas large size
in males is often favored by sexual selection through male-
male competition or female preference for larger males
(Andersson 1994; Fairbairn 1997). Variation in SSD thus
provides evidence for variation in the type and strength
of selection acting on male and female body size (Fairbairn
1997). For example, all else being equal, male body size and
male-biased SSD are expected to increase with the intensity
of intrasexual competition among males.
Evidence from a range of taxa conﬁrms that variation in
the strength of sexual selection on male body size drives
variation in SSD (Fairbairn 1997). Despite their occurrence
in many animal species (Oliveira et al. 2008), the inﬂuence
of alternative male reproductive tactics, like “sneaking,” on
male body size and SSD remains unexplored. The effect of
sneaker males on the evolution of SSD likely varies across
mating systems (Jones et al. 2001). In primarily monoga-
mous systems, extrapair fertilizations may increase the op-
portunity for sexual selection on male body size by increas-
ing the variance in male reproductive ﬁtness. However, in
polygamous systems, the addition of sneaker males is ex-
pected to reduce male mating skew and the opportunity for
sexual selection. If mating skew results from size-dependent
male competition, small sneaker males should reduce the
relative ﬁtness of all large “ﬁghter” males or decrease the
strength of directional selection on ﬁghter male body size
if larger ﬁghter males disproportionately lose copulations
tosneakers.Thesenonexclusivemechanisms lead to thecom-
mon prediction that ﬁghter males will be smaller in pop-
ulations with sneaker males than in populations without
sneakermales, such that SSDwill be less pronounced or even
female biased (Neff 2001).
Anadromous salmonids are ﬁsh that mature in the ocean
before returning to freshwater to reproduce. For a number
of reasons, this group is ideal for testing the prediction that
sneaker males decrease ﬁghter male body size. First, the
duration of the marine growth phase—the principal de-
terminant of adult body size—varies markedly within and
between sexes, populations, and species (Groot and Mar-
golis 1991), providing evolutionary scope for SSD to vary
across levels of biological organization (Young 2005). Due
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to the inﬂuence of the marine environment on body size,
there is a strong advantage of ocean migration for females
because of increased fecundity, and thus females are typi-
cally anadromous. Large size inmales is associated with dom-
inance during mating, and their aggressive behavior catego-
rizes anadromous males as ﬁghters (Gross 1984; Fleming
1998). Second, themating system of salmonids is character-
ized as contest competition polygynandry (Andersson 1994),
whereby ﬁghter males engage in contest competition for
access to breeding females and display strong reproductive
skew, both sexes can have multiple mates over a breeding
season, and sexual selection favors large body size for both
males and females (Fleming 1998). Third, in some species,
males can also mature as freshwater “parr” without migrat-
ing to sea. These mature parr are an order of magnitude
smaller than anadromous males and females (Jones 1959;
Hutchings and Myers 1988). Mature male parr gain access
to breeding females by sneaking rather than ﬁghting and are
thus categorized as sneakers. Parr maturation rate varies
across populations and is under both genetic and environ-
mental control (Piché et al. 2008; Morita and Nagasawa
2010). The incidence of sneaker males typically decreases
with latitude, because lower temperatures and shorter grow-
ing seasons prevent juveniles from reaching the size at which
early maturity is favorable (Baum et al. 2004; Valiente et al.
2005; Morita and Nagasawa 2010). Fourth, in some species,
all males are anadromous and adopt the ﬁghter strategy dur-
ing breeding (Groot andMargolis 1991). The salmonid clade
thus provides the key elements required to test the prediction
that sneaker males alter sexual selection on ﬁghtermale body
size and inﬂuence the evolution of SSD: variation in ﬁghter
male body size and anadromous SSD (ﬁghter male∶female
body size) among populations and species; evidence for direc-
tional sexual selection on ﬁghter male body size; intraspeciﬁc
variation in the frequency of sneaker males; and “control”
species, in which only the anadromous ﬁghter male pheno-
type occurs.
Here, we examine the relationship between sneaker fre-
quency, measured as the incidence of parr maturity, and
interpopulation variation in ﬁghter male body size and
anadromous SSD. Because data for sneaker frequency
and anadromous male and female body size from the same
populations were not available, we took advantage of well-
documented latitudinal clines in sneaker male frequency
(Baum et al. 2004; Valiente et al. 2005; Morita and Na-
gasawa 2010). The latitudinal decreases in sneaker male
frequency give rise to two complementary geographical pre-
dictions: (1) among populations of species with sneaker
males, ﬁghter male body size and anadromous SSD (ﬁghter
male∶female body size) should increase with latitude;
(2) among populations of species without sneaker males,
neither ﬁghter male body size nor anadromous SSD should
increase systematically with latitude.
Methods
Species with Alternative Male Mating Strategies
To test the ﬁrst prediction, that ﬁghter male body size and
anadromous SSD increase with latitude in species with al-
ternative male mating strategies, we collected data on anad-
romous ﬁsh body size and the frequency of sneakers, or ma-
ture male parr, for populations from different latitudes for
two species withmale parr maturation: Atlantic salmon (Salmo
salar) and masu salmon (Oncorhynchus masou; tables A1, A2,
available online). Latitude was treated as a “common factor”
for parr maturation frequency and anadromous body size,
because data for both variables were rarely available from
the same population (both types of data were available for
only one population in each species). We were not able to
acquire sufﬁcient data for other species with both ﬁghter
and sneaker males (e.g., rainbow or steelhead trout Onco-
rhynchus mykiss).
Data for Atlantic salmon parr maturation rates were taken
from a review of latitudinal variation in life history (Valiente
et al. 2005). Anadromous ﬁsh body size data for 15 rivers over
multiple years in theCanadianMaritimes andNewfoundland
were obtained from stock reports or the Department of Fish-
eries and Oceans, Canada. Unpublished size data for Cata-
maran Brook, New Brunswick, Canada, were obtained from
R. A. Cunjak (University of New Brunswick). Anadromous
ﬁsh are captured during their upstreammigration at counting
fences and measured before being released. All anadromous
ﬁsh data included the average size of males and females in
any given year as well as the sample size for each sex. We cal-
culated the mean male and female body size for each river
over all years.Most of the data for Atlantic salmon come from
rivers in Newfoundland where anadromous ﬁsh return after
1 year at sea; thus, anadromous SSD results from sex differ-
ences inmarine growth rates rather thanmarine age at matu-
rity. Because Atlantic salmon are iteroparous, we included
body size data from only those Atlantic salmon that were
returning to spawn for the ﬁrst time to avoid confounding
variation in sex-speciﬁc rates of iteroparity with variation in
SSD.Masu salmon datawere obtained frompublished studies
on latitudinal variation in male parr maturity (Morita and
Nagasawa 2010) and anadromous male and female body size
(Tamate and Maekawa 2006).
Species without Alternative Male Mating Strategies
To test our second prediction, that neither male body size
nor SSD should increase with latitude in species without
alternative male strategies, we collected body size data
from populations of two species that lack the sneaker male
phenotype: chum salmon (Oncorhynchus keta) and pink
salmon (Oncorhynchus gorbuscha; table A2). Data were
collected by one of us (K.A.Y.) using methods reported
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elsewhere (Young 2005). For each population, we again
calculated mean male and female body size across years.
Both species are semelparous; thus, all ﬁsh were included
in the analyses. All pink salmon mature after 2 years at sea;
SSD thus results from sex differences in marine growth rate.
Chum salmon mature at various marine ages, so SSD in this
species results from sex differences in both marine growth
rate and age.
Data Analysis
We used the ratio of ﬁghter male∶female body size as our
measure of anadromous SSD (Young 2005; Tamate andMae-
kawa 2006). All data were analyzed using linearmixed-effects
models with latitude as a ﬁxed effect and species as a random
effect. Using this approach, we ﬁrst tested earlier ﬁndings that
the incidence of male parr maturity decreases with latitude in
Atlantic and masu salmon.
Due to the geographical context of our predictions, our
main objective was to test whether latitude was a signiﬁcant
predictor of ﬁghter male (but not female) body size and
anadromous SSD and whether this pattern differed for spe-
cies with and without sneaker males. We thus constructed
models that contained an interaction between latitude and
presence or absence of sneakers for measures of anadromous
body size, and we compared these interactive models to addi-
tive models as well as models with only one predictor (either
latitude or presence or absence of sneakers). To determine
which model best explained the data, we used the Akaike in-
formation criterion (AIC) value for each model corrected for
sample size (AICc). The “best”model was the model that had
the lowest AICc by a value of 2 or greater. Because the direc-
tion of the latitudinal trend affects our interpretation of the
results, we also report the estimates of the latitudinal effects
and their signiﬁcance within pairs of species with or with-
out male parr maturation. Models were ﬁtted using maxi-
mum likelihood to allow for comparison of ﬁxed effects.
All analyses were conducted using the lme4 package (Bates
et al. 2015) in R (ver. 3.1.1; R Core Team 2015). All data are
deposited in the Dryad Digital Repository: http://dx.doi.org
/10.5061/dryad.76rd1 (Weir et al. 2016).
Results
As expected, the frequency of male parr maturation de-
creased with latitude across populations of Atlantic and
masu salmon (tables 1, 2; ﬁg. 1A, 1B). We found a signiﬁcant
interaction between latitude and the presence or absence of
alternative male mating phenotypes for both ﬁghter male
body size and anadromous SSD but not for female body size
(table 1). Because of the signiﬁcant interactions, we also an-
alyzed our data within pairs of species with or without alter-
native male mating strategies to determine the magnitude
and direction of the latitudinal effects on anadromous ﬁsh
body size and SSD.
In species with sneaker males, ﬁghter male body size in-
creased with latitude, while there was no trend in female body
size (table 2; ﬁg. 1C–1F). This resulted in an increase in anad-
romous SSD with latitude (table 2; ﬁg. 1G, 1H). These pat-
terns support our geographic prediction that ﬁghter male
body size, and thus anadromous SSD, should increase with
latitude due to a decrease in the frequency of sneaker males.
In species without sneaker males, male body size and
anadromous SSD decreased slightly with latitude, with no
latitudinal trend in female size (table 2; ﬁg. 2). These latitu-
dinal trends inmale body size and SSD are opposite to those
observed in species where precocious parr maturation
occurs, thus supporting our hypothesis that sneaker males
reduce the strength of sexual selection on ﬁghter male body
size.
Discussion
Our data from populations of four salmon species support
the prediction that sneaker males can reduce the strength of
Table 1: Summary of linear mixed effects models
Dependent variable, model AICc DAICc qi
Proportion mature male parr:
Latitude 10.2 0 1.00
Intercept only 21.8 11.6 .00
Male body size:
Latitude # alternative strategy 734.2 0 1.00
Latitude 1 alternative strategy 772.0 37.8 .00
Alternative strategy 772.5 38.3 .00
Latitude 776.4 42.2 .00
Intercept only 776.7 42.5 .00
Female body size:
Alternative strategy 626.7 0 .71
Latitude # alternative strategy 629.8 3.1 .15
Intercept only 631.1 4.4 .08
Latitude 1 alternative strategy 631.6 4.9 .06
Latitude 636.0 9.3 .01
Sexual size dimorphism:
Latitude # alternative strategy 2457.4 0 1.00
Intercept only 2431.9 25.6 .00
Alternative strategy 2428.4 29.0 .00
Latitude 2428.0 29.4 .00
Latitude 1 alternative strategy 2420.9 36.5 .00
Note: Models speciﬁed as “latitude # alternative strategy” are full factorial
models, whereas models deﬁned as “latitude1 alternative strategy” do not include
an interaction between the two ﬁxed factors. Similarly, models described by only
one ﬁxed factor include only that factor, whereas models designated simply as “in-
tercept” contain no ﬁxed factors. AICcp Akaike information criterion for a par-
ticularmodel corrected for small sample size;DAICcp difference between a given
model and the model with the smallest AICc; qip relative weight of each model.
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sexual selection on ﬁghter male body size, resulting in re-
duced ﬁghter male body size and anadromous SSD. In the
two species with alternative male life histories, anadromous
ﬁsh SSD changes from female biased at low latitudes, where
sneakers are common, to male biased at high latitudes, where
sneaker males are rare. Importantly, for both species, the lat-
itudinal increase in SSD is driven by marked increases in
ﬁghter male body size only, whereas female body size var-
ies little with latitude. By contrast, there was a negative rela-
tionship between latitude andmale body size and SSD in spe-
cies without the sneaker phenotype. Taken together, these
results support our hypothesis that alternative sneaker male
strategies affect the evolution of ﬁghter male body size and
anadromous SSD.
We suggest that our results are best explained by latitudinal
variation in the frequency of sneaker males in species with
parr maturation (Valiente et al. 2005; Morita and Nagasawa
2010). While latitudinal increases in body size are common
among ectotherms (Lindsey 1966; Blanckenhorn et al. 2006),
our data suggest this pattern does not hold in anadromous
salmon. Fighter male Atlantic and masu salmon were larger
at high latitudes, but there was no such trend for females,
nor for species without alternative male strategies. An alter-
native explanation for the patterns observed in ﬁghter male
body size could be an increase in population size and spawn-
ing density with latitude (where habitats are less impacted by
humans), leading to density-dependent sexual selection for
larger body size in ﬁghter males but not in females (Tamate
and Maekawa 2006). While this explanation would be con-
sistent with patterns observed in the species with parr matu-
ration, it is inconsistent with the patterns observed in species
without sneaker life histories. It is also possible that sneakers
may relax selection on the size of ﬁghter males through an
indirect mechanism. The presence of sneaker males should
reduce the frequency of ﬁghter males in a population, given
that the two male phenotypes represent a mixed evolution-
arily stable strategy (Hutchings and Myers 1988). The asso-
ciated decrease in ﬁghter male density could relax density-
dependent selection for size by reducing the intensity of
competitive interactions among ﬁghter males.
While sexual selection can partially explain variation in
ﬁghter male body size across populations, anadromous sal-
monid body size is principally determined by the amount of
time spent in the marine environment before sexual matu-
rity (Young 2005; Sloat et al. 2014). Variation in marine age
may contribute to the body size patterns that we observed in
this study, but it does not contradict the role of alternative
male strategies in driving variation in anadromous male
body size. Rather, our ﬁndings suggest that the presence
of sneaker males may alter the nature of selection onmarine
maturation age by changing the form or strength of sexual
selection on ﬁghter male body size. Our data also suggest
that the presence of sneaker males may affect ﬁghter male
body size by inﬂuencing growth rates in the marine envi-
ronment; we observed a positive latitudinal relationship
for ﬁghter male body size in Newfoundland populations
of Atlantic salmon, despite the fact that all ﬁsh included
in our data set spent the same amount of time (1 year) grow-
ing in the marine environment. While this pattern could be
explained by the fact that, at low latitudes, faster-growing
males mature as sneakers and remain in freshwater, thereby
leaving the slower-growing males to go to sea, there is no ev-
idence for a strong correlation between freshwater and sea-
water growth rates in anadromous salmonids (Johnsson et al.
1997), whichmakes this explanation unlikely.
Because males that mature as sneakers do not suffer mor-
tality associated with anadromy, they can signiﬁcantly alter
the male-to-female operational sex ratio (OSR; Emlen 1976)
by increasing the number of reproductively active males. Ex-
perimental (Thomaz et al. 1997; Jones and Hutchings 2001,
Table 2: Estimates of the latitudinal effect, its standard error (SE), the signiﬁcance from mixed-effects
models, and the marginal R2 value within pairs of species with or without alternative mating strategies
Species mating strategy, dependent variable
Latitudinal effect
Coefﬁcient SE P R2
Species with alternative mating strategies:
Proportion mature male parr 2.10 .02 !.001 .49
Male body size 14.7 2.9 !.001 .36
Female body size 2.6 1.7 .12 .06
SSD .022 .004 !.001 .50
Species without alternative male mating strategies:
Male body size 23.9 1.5 .011 .06
Female body size 21.3 1.1 .23 .0008
SSD 2.005 .002 .004 .08
Note: These models include latitude as a ﬁxed effect and species as a random effect and are constructed within each
alternative strategy category (i.e., presence or absence of mature male parr) to test for any interactive effects from the full
models and to examine the direction of the latitudinal effect for each dependent variable. SSD p sexual size dimorphism.
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Figure 1: Latitudinal trends in proportion of mature parr sneaker males (A, B), ﬁghter male size (C, D), anadromous female size (E, F), and
ﬁghter male∶female sexual size dimorphism (SSD; G, H) for salmonid species with the sneaker male phenotype. Solid lines indicate signif-
icant latitudinal trends among populations; dashed lines indicate nonsigniﬁcant trends. Outliers for SSD in Atlantic salmon are from three
rivers in the Maritime region of Canada, where anadromous ﬁsh may remain at sea for 1 or 2 years before returning to the river to spawn. In
these cases, females often remain at sea for 2 years and return at a much larger size, thus inﬂuencing SSD for these rivers. Excluding these
rivers from our analysis did not affect the interpretation of our results.
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2002; Garant et al. 2003; Berejikian et al. 2010) and observa-
tional (Taggart et al. 2001; Weir et al. 2010; Richard et al.
2013) evidence demonstrates that sneaker males can have
high reproductive success and signiﬁcantly increase the effec-
tive size (Ne) of populations (L’Abée-Lund 1989; Valiente
et al. 2005). Theory predicts that increases in OSR should in-
crease the strength of selection onmale body size and second-
ary sexual traits (Andersson 1994; Reynolds 1996), and vari-
ation in OSR has been invoked to explain variation in ﬁghter
male body size among salmon populations (Quinn 1999;
Tamate and Maekawa 2006). The ﬁnding that ﬁghter males
are smaller in populations where the OSR is highly male bi-
ased due to the presence of sneaker males suggests that OSR
alone is insufﬁcient to explain variation in SSD among pop-
ulations or species with alternative male mating strategies.
It is possible that genetic correlations between alternative
male phenotypes could inﬂuence patterns in ﬁghter male
body size. If so, this would imply that opposing forces that
Figure 2: Latitudinal trends in male size (A, B), female size (C, D), and sexual size dimorphism (SSD; E, F) for salmonid species without the
sneaker male phenotype. Solid lines indicate signiﬁcant latitudinal trends among populations; dashed lines indicate nonsigniﬁcant trends.
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select for small size in sneakers may constrain the evolution
of large size in ﬁghters. This type of antagonistic interac-
tion can occur between alternative male morphs, as well as
between males and females when their respective ﬁtness op-
tima for a particular trait differ (Morris et al. 2013; Buzatto
et al. 2015). However, we do not think this drives the pat-
terns observed in our study, for two reasons. First, empirical
evidence from both Atlantic salmon (Thomaz et al. 1997)
and masu salmon (Koseki andMaekawa 2000) suggests that
large size is advantageous for sneakers, because body size
correlates with fertilization success and dominance among
maturemale parr. Second, there is no evidence for correlated
changes in female body size, which does not vary with ma-
ture parr frequency.
This study documents a strong geographical relation-
ship between the frequency of mature parr, ﬁghter male
body size, and anadromous SSD across populations of two
salmonid species. A mechanistic role for sneaker males in
driving variation in anadromous male size and SSD is fur-
ther supported by the fact that the two species lacking al-
ternative male mating strategies do not exhibit similar lati-
tudinal patterns. Precocious male parr maturation appears
to be an ancestral trait that is almost exclusively associated
with iteroparity among the anadromous branches of the
salmonid phylogeny (Crespi and Teo 2002; but see Unwin
et al. 1999 for an exception in hatchery ﬁsh). While anadro-
mous males in some semelparousOncorhynchus species can
mature as “jacks” after a few months in the sea and adopt
a sneaking strategy, alternative male mating phenotypes
are not present in the most recently diverged Oncorhynchus
clade, which includes pink and chum salmon (Esteve and
Mclennan 2007; Crête-Lafrenière et al. 2012). Although our
small sample size (four species) precludes informative com-
parative phylogenetic analyses, the fact that masu salmon
is more closely related to pink and chum than to Atlantic
salmon suggests that the patterns we observe are not artifacts
of phylogenetic history.
Our results are consistent with the hypothesis that
sneaker males can affect the evolution of ﬁghter male body
size and anadromous SSD, and they offer a new explana-
tion for variation in ﬁghter male size and anadromous
SSD in salmon. More generally, this study highlights the
potentially important role of alternative male mating strat-
egies in determining the relationship between sexual selec-
tion, the evolution of body size, and sexual size dimor-
phism across populations and species.
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